Coprinopsis cinerea is a model species for molecular genetics studies of sexual development in 35 agaricomycetes or homobasidiomycetes. Recently, efficient gene targeting was established in 36 this fungus by generating Cc.ku70 or Cc.lig4 disruptants. To determine the molecular 37 mechanisms underlying sexual development, which involves many genes, generating multiple 38 gene disruptants is required. However, the number of transformation markers available for C. 39 cinerea is limited. This problem would be solved by establishing marker recycling. In this study, 40 we found that C. cinerea lacks a gene encoding a homolog of Saccharomyces cerevisiae 41 cytosine deaminase (Fcy1p) in its genome, which is present in many other fungi. We also 42 observed that C. cinerea is resistant to 5-fluorocytosine. Based on these findings, we established 43 a simple marker recycling method in this fungus using 5-fluorocytosine counter-selection after 44 heterologous expression of FCY1 derived from Pleurotus ostreatus, together with the 45 hygromycin resistance gene. This study proposes a simple genetic manipulation system that can 46 be performed using wild-type strains of several fungi that lack a gene homologous to S. 47 cerevisiae FCY1 in their genomes.
Introduction 67
(2010), using protoplasts prepared from mycelial cells. 111
112
Construction of plasmids to express PoFCY1 in C. cinerea 113
To express P. ostreatus FCY1 (PoFCY1) under the control of the C. cinerea β1-tub 114 promoter, which has been the most frequently used promoter for heterologous expression of 115 proteins in this fungus (Cummings et al. 1999; Nakazawa et al. 2009; Muraguchi et al. 2011) , 116 we performed inverse polymerase chain reaction (PCR) using pPHT1 (Cummings et al. 1999 ) 117 as a template and the primer set TN86-TN88 to yield linear DNA in which hph, the gene 118 encoding hygromycin phosphotransferase (conferring resistance to hygromycin B), was deleted 119 from pPHT1. The cDNA fragment of Pofcy1 (from the predicted translation start site to the stop 120 site shown in the genome web site described in the Results and discussion) was also amplified 121 by reverse-transcription (RT)-PCR. In this study, total RNAs from P. ostreatus PC9 were 122 reverse-transcribed using SuperScript III Reverse Transcriptase (Life Technologies, CA, USA), 123 followed by a conventional PCR reaction using the primer set TN84-TN85, to amplify the 124 cDNA fragment of Pofcy1. The resulting two DNA fragments were fused using a Geneart 125 genomic DNAs from strain PC9 as a template and the primer set TN101-TN102. The amplified 133 genomic fragment was cloned into pBluescript II KS+ digested with EcoRV. The resulting 134 plasmid was digested with HindIII and EcoRI, followed by reaction with the Klenow Fragment 135 (Takara Bio, Shiga, Japan). This DNA fragment, containing the Pofcy1 gene, was inserted into 136 pPHT1 digested with EcoRV to yield plasmid pTN2002, which contained the expression 137 cassette for HPH from plasmid pPHT1 and the Pofcy1 gene from strain PC9. Next, pTN2000 138 was digested with EcoRI to obtain the expression cassette for PoFCY1 under the control of the 139 C. cinerea β1-tub promoter. The obtained DNA fragment was treated with the Klenow Fragment 140 and inserted into pPHT1 digested with EcoRV to yield plasmid pTN2003, which contained 141 expression cassettes for HPH and PoFCY1 from pPHT1 and pTN2000, respectively. The C. 142 cinerea β1-tub promoter from plasmid pPHT1 and the genomic fragment containing the 143 putative ORF of Pofcy1 and its 3′-downstream region from P. ostreatus strain PC9 were 144 amplified by PCR using primer sets TN103-TN86 and TN84-TN102, respectively. They were 145 then fused by overlap extension PCR. The resulting expression cassette for PoFCY1 was 146 inserted into pPHT1 digested with EcoRV after treatment with T4 Polynucleotide Kinase 147 (Takara Bio, Shiga, Japan) to yield plasmid pTN2004. 148 A DNA fragment containing the 3′-downstream sequence of Pofcy1 was amplified by 149 PCR using the primer set TN114-TN115 (the template was pTN2004). The resulting DNA 150 fragment (351 bp) and plasmid pTN2004 were both digested with BamHI and HindIII, and then 151 fused to yield plasmid pTN2005, which contained two direct repeat sequences (thepTN2005 (Fig. 4A) We carried out colony PCR as described by Nakazawa et al. (2011) for rapid 170 screening for gene disruptants and strains from which markers hph and Pofcy1 were removed, 171 except that the EmeraldAmp MAX PCR Master Mix (Takara Bio, Shiga, Japan) was used in this 172 study. After colony PCR, we then performed genomic PCR. Genomic DNAs were extracted as 173 described by Zolan and Pukkila (1986) and Muraguchi et al. (2003 http://genome.jgi-psf.org/PleosPC9_1/PleosPC9_1.home.html, identity = 60% (90/150), E value 192 = 9e-61). Two C. cinerea wild-type strains, 326 and KF3#2, and P. ostreatus strain PC9 were 193 assayed for sensitivity or resistance to 5-FC. The two C. cinerea strains were resistant to 194 whereas P. ostreatus strain PC9 was sensitive ( Plasmid pTN2001 ( Fig. 2A) was introduced into strain 326 to express HPH fused 211 with PoFCY1. However, the number of transformants obtained by introducing pTN2001 was 212 lower than that obtained by introducing plasmid pPHT1, and all 18 of the obtained 213 transformants, which were isolated as hygromycin-B resistant strains, were resistant to 5-FC 214 ( Fig. 2A) . This suggested that the fusion protein lost its activity and did not function as expected. 215 ostreatus strain PC9 ( Fig. 2A and B) , which resulted in only two out of the 67 hygromycin-B 217 resistant transformants exhibiting sensitivity to 5-FC. Next, we examined plasmid pTN2003. 218 This plasmid contains expression cassettes for HPH and PoFCY1 from pPHT1 and pTN2000, 219 respectively, both of which are expressed under the control of the C. cinerea β1-tub promoter ( Fig. 2A) . Among 21 hygromycin-B resistant transformants obtained after introducing plasmid 221 pTN2003, 14 strains were sensitive to 5-FC ( Fig. 2A and B) . Furthermore, plasmid pTN2004 222 ( Fig. 2A) was constructed as described in Materials and Methods, and was introduced into strain 223 326, resulting in 20 out of 33 hygromycin-B resistant transformants being sensitive to 5-FC (Fig.  224   2A) . The fact that plasmid pTN2002 did not confer sensitivity to 5FC on strain 326 efficiently, 225 whereas plasmids pTN2003 and pTN2004 did, suggested that the Pofcy1 promoter derived from 226 P. ostreatus strain PC9 did not function in C. cinerea or could not express sufficient mRNA to 227 confer sensitivity to 5-FC on strain 326. 228
Based on these results, we created plasmid pTN2005 so that marker recycling 229 We used strain ku3-24, which was newly generated in this study (Table 1) , instead of 235 326 for efficient gene targeting experiment (Nakazawa et al. 2011) . We also confirmed that 236 strain ku3-24 was resistant to 5-FC like strains 326 and KF3#2 (data not shown). 237 We transformed C. cinerea strain ku3-24 with the Cc.mpr1-disrupting construct 238 created as described in Materials and Methods to replace the entire ORF of Cc.mpr1 encoding a 239 putative acetyltransferase homologous S. cerevisiae Mpr1p (sigma1278b gene for 240 L-proline-analogue resistance) (identity = 39% (73/183), E value = 3e-32) (Kimura et al. 2002) 241 with the construct contained in plasmid pTN2005 (Figs. 3A and 4A) . Two Cc.mpr1 disruptants, 242 mpr-1 and mpr-3, both of which exhibited sensitivity to 5-FC, were obtained (Fig. 3B) . mpr-2 243 was also shown to possess nuclei in which Cc.mpr1 was disrupted (the left part of Fig. 3B) . 244 However, this strain exhibited slight resistance to 5-FC (data not shown), suggesting nuclear 245 purification was insufficient. Genomic PCR using the primer set TN144-TN145 also suggested 246 that mpr-2 possesses nuclei in which Cc.mpr1 was not disrupted (white arrow in the right part of 247 Fig. 3B ). Therefore, we did not consider this transformant as a Cc.mpr1 disruptant. 248 249
5-FC counter-selection to isolate a nucleus in which marker excision occurred 250
Oidia harvested from strain mpr-3 were subject to 5-FC counter-selection as 251 described in Materials and Methods, resulting in the isolation of six 5-FC resistant strains, 252 rev#2-7. Two of the six strains, rev#2 and rev#5, exhibited sensitivity to hygromycin B, 253 suggesting that the construct used for Cc.mpr1 disruption was removed through intramolecular 254 homologous recombination mediated by the two direct repeat sequences (thick arrows shown in 255 Fig. 4A ) in these two strains. Colony PCR was performed to examine whether marker excision 256 had occurred (Fig. 4B) . A 5.4-kb fragment was expected to be amplified from the genome in 257 which the entire ORF of Cc.mpr1 was replaced with the construct (before marker excision/5-FC 258 counter selection, as shown in Fig. 4A ), whereas a 2.1-kb fragment was expected to be 259 amplified from the genome in which the construct contained in pTN2005 used for Cc.mpr1 260 disruption was removed (after marker excision/5-FC counter selection, as shown in Fig. 4A) . 261 The results shown in Fig. 4B suggested that the construct has been successfully removed in 262 strains rev#2 and rev#5. Both DNA fragments were amplified from strain rev#7, which 263 suggested that this strain possessed both types of nuclei: those in which the construct was12 removed and those that still retained the construct. This might indicate that the single passage 265 used for nuclear purification was insufficient for this strain. 266 We then performed genomic PCR for strains rev#2, rev#5, mpr-3 and ku3-24 as a 267 control (Fig. 4C) , demonstrating that the construct contained in pTN2005 had been successfully 268 removed in strains rev#2 and rev#5. Small amounts of 2.0-and 2.1-kb fragments, indicated by 269 white arrows in Fig. 4C , which were expected to be amplified from the genome of strains in 270 which the construct contained in pTN2005 used for Cc.mpr1 disruption was removed (after 271 marker excision/5-FC counter selection as shown in Fig. 4A ), were also amplified from 272 genomic DNAs from strain mpr-3. This showed that mpr-3 contained a small number of nuclei 273 in which intramolecular homologous recombination had occurred, and that these nuclei were 274 purified through 5-FC counter-selection. 275 There are another direct repeat sequences (the β1-tub promoter used for expressions 276 of both HPH and PoFCY1) in plasmid pTN2005, and the construct used for Cc.mpr1 disruption 277 (Fig. 4A ) Therefore, intramolecular homologous recombination mediated by these sequences 278 might also occur. However, nuclei in which such intramolecular homologous recombination had 279 occurred were not isolated through 5-FC counter selection in this study. This might be because 280 the nuclei retained the expression cassette for PoFCY1, despite the occurrence of intramolecular 281 homologous recombination, which continued to confer sensitivity to 5-FC on C. cinerea strains. 282 13 be used as a means to create multiple gene disruptants for detailed genetic studies in this fungus. 287 Genome database searching suggested that some fungi, such as Agaricus bisporus, 288 Magnaporthe oryzae and Chaetomium globosum also lack a gene encoding an Fcy1p homolog 289 in their genomes. Therefore, marker recycling based on fcy1/5-FC counter-selection could be 290 performed in these fungi, as well as in C. cinerea. It would also be interesting to investigate why 291 these fungi lack a gene encoding cytosine deaminase. 
